Elongated microvoids, internal fibrillar structure, and edge scattering from both surface refraction cause an equatorial streak in small angle X-ray scattering. A model for analyzing the edge scattering of fibers is proposed. Simulation results indicate that the intensity of edge scattering from surface refraction of a cylindrical fiber is strong and makes an important contribution to the equatorial streak. Two factors influence edge scattering intensity. One is the sample-to-detector distance (D); edge scattering intensity increases with increasing D. The equatorial streak becomes weak when D is shortened. The other factor is the refraction index. Edge scattering intensity increases as the real component of the refraction index decreases. In experiment, weak or even no equatorial streaks were found for samples measured in a roughly index-matching fluid. Edge scattering can be eliminated or weakened, and it can be calculated by comparing the intensities of a cylindrical fiber when it is measured in air and in index-matching fluid. The simulation data are basically in agreement with the experimental data.
Introduction
Small angle X-ray scattering (SAXS) is an analytical technique that can be used to study microstructures at a nanometer scale in material science. [1] [2] [3] [4] And it can be used in analyzing the microporosity of fibers. SAXS patterns from natural or synthetic fibers exhibit a sharp streak along the equator (perpendicular to the fiber axis). The equatorial streak is normally attributed to elongated voids within the fiber or fibrillar structure. [5] [6] [7] [8] [9] Ruland proposed that polyacrylonitrile fibers contain some cylindrical microvoids, and he calculated small-angle scattering intensity. The calculated small-angle scattering intensity shows that there is also an equatorial streak perpendicular to the fiber axis. [10] So far, for polyacrylonitrile and cellulose fibers, equatorial streaks have been ascribed to void content. [4, [10] [11] [12] [13] [14] [15] [16] And the streaks have also been detected by TEM and SEM. [17, 18] For Kevlar fiber, most researchers take microfibrils to be the source of the equatorial streaks. [19] [20] [21] Benjamin S. Hsiao and his coworkers reported that during different conditions, deformations of polyvinylidene fluoride fiber of equatorial streaks were attributed to the formation of microfibrils or microvoids. [22] The equatorial streak of fibers with high take-up speed under zero or small strain is attributed to voids. The equatorial streak observed in fibers under high strain at all take-up speeds is attributed to microfibrils. And the dimensions of the lengths of microfibrils and microvoids were estimated by Ruland's method. [10] In D. T. Grubb's study of Nylon-6 fibers during dehydration, the authors demonstrated that the equatorial streak is due to surface refraction. If the beam size is smaller than the fiber diameter, there is no equatorial streak when the beam is incident on the center of the fiber. Otherwise, the edge of the fiber will cause a strong equatorial streak. [23] On-axis microbeam wide-and small-angle scattering was used to study different sections of poly (p-phenylene terephthalamide) fiber, it was found that the equatorial streak appeared when the microbeam irradiated the edge of fiber (skin of the fiber). [24] From the present studies, it can be concluded that there are several contributions to an equatorial streak, including the microfibrillar structure, elongated voids, and edge scattering intensity from surface refraction and reflection. The equatorial streak of SAXS patterns measured in the air contains the contribution of edge scattering intensity. However edge scattering intensity does not reveal information about the microstructure of the inner fiber, but provides only information about the surface of the fiber. So the character of the microstructure is not so exact. Some information reflected from the inner fiber was masked by the strong intensity of edge scattering. [25] Edge scattering has a great effect on the scattering pattern, especially for the Guinier region. So edge scattering should be eliminated in order to obtain a clear Guinier region which reflects the size of the whole scattering object, not just the interface.
In 1986, M. P. Hentschel observed equatorial small angle scattering of Cu Kα radiation, which was caused by both reflection and refraction. [26] For any material, at X-ray wave-lengths, the refraction index is close to one. The critical angle θ c of total reflection is about 10 −3 arc. The intensity of the deflected X-rays falls nearly to zero at the critical angle of total reflection. [27] But for small angle scattering, the reflection and refraction intensity of the deflected X-rays cannot be blocked by the beamstop. So it affects the signal that comes from the inner structure. Gupta et al. [28] reported that the intensity of edge scattering arising from refraction can be measured if a sample is immersed in a roughly index-matching fluid. However, for some in-situ measurements, this method is restrictive. So evaluating edge scattering intensity arising from reflection and refraction is necessary; but most researchers neglect the contributions of edge scattering intensity when analyzing data. In this work a model based on reflection and refraction is set up to evaluate edge scattering intensity. The model is described in Subsection 3.1. The relationship of the intensity of reflection, refraction and refraction indexes, and sample-to-detector distance is established in this paper. Our aim is to find a way to eliminate the intensity of edge scattering in the equatorial streak from the SAXS pattern.
Experimental section

Sample preparation
The carbon fiber (Sample a1), polyethylene terephthalate (PET) fiber (Sample b1), and high density polyethylene (HDPE) fiber (Sample c1) were chosen for the experiment. The properties of the samples are listed in Table 1 . According to δ ≈ ρ · λ 2 , it is obvious that the electron density of PET and HDPE fibers is similar to that of C 2 H 5 OH. Here carbon fiber was used as a contrasting sample and it is discussed in Section 4. 
SAXS measurements
SAXS measurement was performed on beamline BL16B1 using a three-slit system at Shanghai Synchrotron Radiation Facility. An energy resolution of 6×10 −4 was obtained from a water-cooled Si (111) double-crystal monochromator. The wavelength of the X-ray was 0.124 nm. The 2D SAXS patterns were recorded by a Mar165 CCD at a resolution of 2048×2048 pixels and a pixel size of 80 µm×80 µm for quantitative analysis. The sample-to-detector distance was 5160 mm for SAXS (calibrated by beef tendon standard).
All samples were mounted on a rectangular hollow metal frame. Every filament was stretched tightly. In our experiments, the thickness of the fiber sample is the same before and after the addition of solvent. First, Sample a1, Sample b1, and Sample c1 were measured in the air with exposure times of 20 s, 30 s, and 200 s, respectively. Then, Sample a1, Sample b1, and Sample c1, together with the frame holding the samples, were immersed in a cell with a particular solvent whose electron density is close to that of the fibers (named Sample a2, Sample b2, and Sample c2, respectively). The cell was sealed using Kapton film.
Data processing
Data evaluation of the SAXS patterns was performed with Matlab R2009. At first, the two-dimensional patterns obtained from different measurement environments needed the background scattering subtracted. Next, the exposure time and scattering intensity were normalized. Then, in experiment, the intensity of the edge scattering caused by reflection and refraction of X-rays from the surface of the fiber was obtained by subtracting the scattering intensity of the sample as measured in a particular solvent from that as measured in air.
Data evaluation of edge scattering
Model
According to the present experimental conditions of the BL16B1 beamline in SSRF, a function as follows was used to describe the distribution of the incident intensity:
where I i (x,z) is the distribution of primary incident intensity, I 0x and I 0z are the intensity at x and z centers, respectively. σ z is the full width at half maximum of the intensity in the z direction. The fiber was assumed to be a smooth cylinder with radius R. The refractive index of X-rays is n = 1 − δ − iβ , [24] δ = c × 10 −6 which is very small. (c is determined by specimen, λ is the wavelength of X-rays, ρ is the contrast of electron density.) According to the law of total reflection, the angle of α c can be calculated. α c is defined as the "critical angle" of total reflection. Therefore, in θ (0 ≤ θ ≤ α c ), X-ray reflection occurs. In the range of the complementary angle (π/2−θ ), X-ray refraction occurs. We assumed that all filaments aligned regularly along the z direction. Neglecting absorption, the intensity of reflection I reflection can be expressed as [26] 
The refracted intensity I refraction at small angle 2θ was found 046102-2 to be
In Eqs. (2) and (3), θ is the scattering angle, and C is a coefficient.
We take the direction of the incident beam as the y axis, the horizontal direction as the x axis, the vertical direction as the z axis, the center of the beamstop is (0, 0, 0) and the fiber axis is parallel to the z axis (Fig. 1) . D is the distance of the sample-to-detector. Because the radius of fibers is far smaller than the sample-to-detector distance, a cross section of one filament can be taken as one point.
The maximum deflection in the x direction is determined by the critical angle of total reflection. That is 
Simulation results
The distribution of incident intensity is shown in Fig. 2 . The parameters of the incident beam are as follows:
9 , σ z = 0.8,
where I 0 is the center intensity of the primary incident beam. So we can calculate flux = 6.15×10 9 photons/s, which is consistent with the flux in BL16B at SSRF. And the X-ray absorption index of the materials can be obtained in an ionization chamber before and after sample. Equations (2) and (3) have been used to simulate the edge scattering intensity from reflection and refraction. For a fiber, the critical angle of total reflection is very small, being at mrad level and only a cross section of 10 −6 of the fiber diameter is involved for reflection; therefore the intensity of reflection can be neglected. [24] The refraction intensity is shown in Fig. 2 (b) (δ = 4.00 × 10 −6 ). The chosen parameters are R = 25 µm, c = 4.0, and D = 5160 mm. In simulation, the size of the beamstop is about 8 mm, which agrees with the experiment. A broad distribution of refraction intensity on the equator is evident. From the simulation shown in Fig. 3 , we see that the refraction intensity is strong. And the refraction intensity cannot be neglected because the intensity is strong near the beamstop. When x = 5 mm (close to the beamstop) and z = 0, the intensity is about 10 4 (Fig. 3) . It is easy to see that the refraction intensity makes a great contribution to the equatorial streak of SAXS. 
Data evaluation
Influence of sample-to-detector distance
From Eqs. (1) and (2), it is found that the refraction intensity is proportional to the radius for a single fiber. And 046102-3 from Eq. (4), it can be shown that the sample-to-detector distance determines the angle of the reflected and refracted light deflection at the detector. The maximum deflection distance is proportional to D. So for wide angle scattering of X-rays (WAXS), the reflection and refraction intensities have no influence on the experimental data because the deflection angle is small enough that the reflection and refraction intensities are blocked by the beamstop. For small angle scattering of X-rays (SAXS), the beamstop can only block a part of reflection and refraction intensities, so contributed to the equatorial streak inevitably. A study of the reflection and refraction intensity distribution and sample-to-detector distance of fibers with δ = 4.00 × 10 −6 is presented in this section. Figure 4 shows total intensity at z = 0. It is found that total intensity increases with increasing sample-to-detector distance. And the slope of total intensity decreases with increasing sample-to-detector distance. And total intensity decreases dramatically when x is out of the maximum deflection distance but far larger than the incident beam. This indicates the refraction intensity is strong and plays an important role in the equatorial streak. Such a strong, intense streak has been discussed by D. T. Grubb [23] and W. Rungswang. [30] 
Influence of refraction index
According to the refraction law, the critical angle of total reflection is proportional to the refractive index. The larger the refractive index is, the larger the deflection angle is. The intensity of refraction and reflection distributions will change. Figure 5 shows simulation results for the refraction intensity of carbon fiber (δ = 4.00×10 −6 ) and PE fiber (δ = 2.05×10 −6 ). Comparing the two kinds of fibers, it was found that the distribution of refraction intensity becomes weak as δ decreases.
In order to understand the relationship of edge scattering and δ , edge scattering intensity was calculated for different δ values. Here, taking z = 0 for example (Fig. 6) , edge scattering intensity decreases with increasing x. It is evident that the total intensity is proportional to δ . The width and the value of the intensity distribution both decrease with decreasing δ .
That is to say, a fiber that has a small δ has a small influence on the equatorial streak. It can be concluded that fibers with different δ make different contributions to the equatorial streak. Fibers with high δ make a larger contribution to the equatorial streak. Figure 7 shows SAXS patterns of three samples: carbon, PET, and HDPE fibers, obtained in two different environments. The patterns in Fig. 7(A) are obtained in air, while the patterns in Fig. 7(B) are obtained in an ethanolfilled chamber. Figure 7 (C) shows a pattern derived by subtracting the scattering pattern obtained in ethanol-filed chamber (Fig. 7(B) ) from the SAXS pattern obtained in air (as Fig. 7(C) = Fig. 7(A)-Fig. 7(B) ). Strong equatorial streaks are observed in Fig. 7(A) , while weak or even no equatorial streaks are found in Fig. 7(B) . Since the electronic density of ethanol is close to that of PET and HDPE fibers, the SAXS patterns shown in Figs. 7(b2) and 7(c2) can be considered to be a scattering obtained from the interior structure of the samples because it is impossible that the microstructures of fibers, like fibrillar structure, microvoids, etc., were changed in such a short time. [25] In our experiments, after measuring in air, the same sample was measured in an ethanol-filled chamber immediately. So the equatorial streaks in Figs. 7(b3) and 7(c3) can be considered to be edge scattering from surface refraction of the fibers. In Fig. 7(C) , it can be found that the edge scattering intensity of carbon fiber is much longer in the equatorial direction than that of PET and PE fibers. For carbon fiber, the edge scattering can be only partly eliminated because there is also a contrast in electron density between carbon fiber and ethanol. The result indicates that the refraction index δ is one factor which influences the intensity of the equatorial streak. And the intensity increases with increasing δ . This is consistent with our simulation (Fig. 6) . In order to test our model and better understand the edge scattering of the fibers, simulations with parameter z = 0 for the three samples were obtained by using Eq. (3) as shown in Fig. 8 . At an ultra-low q region (q = 0 nm −1 to 0.04 nm −1 ), the intensity in simulations were set to zero for the sheltering effect of the beam-stop. The edge scattering intensity in the simulation decreases with increasing q (for HDPE and PET fibers, q < 0.1; for carbon fiber, q < 0.2), which is qualitatively consistent with the experimental data. In Fig. 8(c) , the simulation result agrees very well with the experimental data of HDPE fiber. However, for the carbon fiber ( Fig. 8(a) ), the simulation data gradually deviates from the experimental data as q increases. The major reason appears to be the difference between the electron density of the fiber and ethanol. In Table 1, we can see that the values of δ for PET and HDPE fibers are close to that of ethanol. According to δ ≈ ρ · λ 2 , it is easy to see that the electron density of carbon fiber is higher than that of PET and HDPE's. This indicates that there is a big contrast in electron density between carbon fiber and ethanol. When the carbon fiber is measured immersed in an ethanolfilled chamber (Fig. 8(a2) ), the edge scattering is eliminated only partially, not perfectly. However, for PET and HDPE fibers, the edge scattering was eliminated completely because the contrast of electron density was zero. It is also found that 046102-5 the slope of the simulation result is in agreement with experimental data for HDPE, but for PET fiber (whose electron density equals that of ethanol), there is a distinct angle between the simulation result and the experimental data. In our case, it might come from the surface roughness of the fiber sample. The fibers were assumed to be smooth cylinders in our simulation model, somewhat different from the surface of real fibers. Because the surface roughness of our experimental samples affects the scattering intensity, [28] simulation data values can be expected to be larger than experimental data values.
Results and discussion
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Conclusions
In this study, SAXS experiments were performed to investigate edge scattering for different fibers and a new data analysis method for edge scattering of fibers was proposed. In our experiments, for the cylindrical fibers, when measured in ethanol, intensity is dramatically lower in the equatorial streak compared to measurements in air. Weak or even no equatorial streaks were found in the roughly index-matching fluid. This indicates that edge scattering is very strong and can be eliminated or weakened in experiments.
In our simulation, edge scattering from the surface of a cylindrical fiber is best described as refraction. Edge scattering intensity is strong and makes an important contribution to the equatorial streak. Two factors influence edge scattering intensity. One is the sample-to-detector distance (D); edge scattering intensity increases with increasing D. This may explain some unexpected results, such as the finding that the equatorial streak is weak or even disappears when the sample-to-detector distance is shortened. The other is the refraction index. For different samples, the absorption of X-rays is different, and the edge scattering makes different contributions to the equatorial streak. It should be emphasized that edge scattering is a dominant factor but it is not the only factor in equatorial streak. Comparing simulation data and experimental data, it was found that the simulation data are basically consistent with the experimental data. So after eliminating the edge scattering, the intrinsic scattering information of the fibers can be obtained.
